Research in contextEvidence before this studyThe current clinically used diagnostic biomarkers for gastric cancer (GC) such as carcinoembryonic antigen (CEA), cancer antigen 19-9 (CA19-9), and cancer antigen 72-4 (CA72-4) are neither sufficiently sensitive nor specific. The identification of novel reliable markers and development of new technologies are still urgent for GC detection and hence improving the survival of patients. Large-scale proteome screening in non-invasive biological specimens is a strategy that provides the possibility of discovering new biomarkers. We performed a PubMed database search for studies focused on GC biomarker discovery published until May 2018 using the following terms: "biomarker" AND "proteomic" AND ("gastric cancer" OR "stomach cancer"). The criteria for inclusion were GC diagnostic biomarker studies using any human materials such as serum, plasma, tissue, gastric fluid, urine, circulating cells, or exosomes. Additional studies were identified by surveying the references associated with these primary publications. Studies of biomarkers for prognosis or prediction were not included. Any reports on cell lines or animals were excluded. As a result, almost all studies were based on different types of mass spectrometry or antibody-based tissue microarrays. We have previously developed and optimized in situ proximity ligation assay (PLA) and solid-phase PLA for single protein detection as well as for detection of single protein post-translational modification such as glycosylation and phosphorylation, which have been applied in GC tissue and serum specimens. Here, we extended our research by applying a targeted proteomics approach, multiplex proximity extension assay (PEA), for large scale protein measurement in GC serum and tissue lysate samples in order to identify potential biomarkers for GC diagnosis.Added value of this studyWe identified proteins that are differentially expressed in GC tumour tissues and in sera, as well as changed protein levels before and after surgery. Using a comprehensive multivariate analysis, we identified a nineteen serum protein signature, including the clinically used biomarker CEA, which provided a much greater diagnostic accuracy for GC detection compared to CEA used alone. This protein signature also improved the diagnostic capacity for GC patients at early stage and patients with high microsatellite instability.Implications of all available evidenceThe detection of the nineteen serum protein signature using a mini-panel of multiplex PEA technology or other equivalent approaches would translate into clinical application to improve the GC diagnosis and treatment stratification and bring tangible benefits for GC patients in the future.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Gastric cancer (GC) is the fifth most commonly diagnosed cancer and the third leading cause of cancer death with over 1,000,000 new cases and an estimated 783,000 deaths in 2018 \[[@bb0005]\]. Currently, complete surgical resection remains the major curative therapy for gastric cancer. Despite the development of technologies for diagnosis and treatment, most gastric cancer cases in the western world are usually diagnosed at middle or advanced stages, resulting in unsatisfactory treatment results \[[@bb0010],[@bb0015]\]. Measurement of tumour protein biomarkers in circulating blood is the most commonly used noninvasive method for early detection of malignant cancers, and is proven to harbor considerable value in screening, diagnosis, monitoring, and prognosis of tumours since some important proteins secreted/released into blood may reflect the quantitative or qualitative changes of the whole body when undergoing any pathological conditions. The currently used gastrointestinal tumour serological protein biomarkers, including carcinoembryonic antigen (CEA), cancer antigen 19-9 (CA19-9), and cancer antigen 72-4 (CA72-4), are insufficient for GC diagnosis since their positive rates in GC patients are \<40% and lower than 20% in GC patients at early stage \[[@bb0020],[@bb0025]\]. Serum pepsinogen I (PGI) and II (PGII) as well as PGI/PGII ratio are used for GC screening and diagnosis in countries with high or moderate risk, especially in Asia \[[@bb0030]\]. However, its clinical performance remains controversial and results are different among various ethnicities \[[@bb0035]\]. Therefore, searching for reliable blood tumour markers for early diagnosis is crucial for early intervention therapy hence for improving the survival of gastric cancer patients.

Technologies developed in recent decades display the ability of large-scale screening of proteins. Most proteomic studies aiming to identify tumour-associated protein markers are based on mass spectrometry (MS) \[[@bb0020],[@bb0040]\]. However, the extremely broad range of blood protein concentrations challenges proteomic analyses. Furthermore, many blood proteins in low abundance are likely to be specific at early stages of disease, but their detection with classical MS techniques is impaired by the predominance of high abundant proteins. In addition, MS always requires substantial amount of sample input, limiting its application for many clinical samples where the materials are insufficient. A recently developed technology for multiple proteins detection -- multiplex proximity extension assay (PEA; Olink Proteomics™) \[[@bb0045]\] -- enables the simultaneous detection of large-scale proteins with high selectivity and sensitivity with minimal sample volume (as little as 1 μl aliquot), and no requirement for complex sample pre-treatment. A schematic illustration of multiplex PEA is shown in Supplementary Fig. 1. The PEA and proximity ligation assay (PLA) are both proven to be sensitive and specific \[[@bb0050],[@bb0055]\]. The specificity is due to the requirement of dual-recognition of a target by a matched pair of DNA-conjugated antibodies. In PEA, upon antigen-antibody binding, the labeled DNA oligonucleotides are brought into close proximity and hybridize to each other. An amplifiable reporter DNA molecule is formed by DNA polymerization, which can subsequently be amplified and quantified by real-time qPCR. The target concentration is proportional to the number of reporter DNA molecules. A limiting factor of most multiplexed immunoassays is the cross-reactivity of antibodies, which restricts the degree of multiplexing to below 10-plex. The design of the DNA-assisted affinity-based PEA excludes the detection of products from unmatched antibody pairs, allowing large-scale of multiplexing without loss of selectivity and sensitivity. The assay sensitivity of multiplex PEA is reported to be comparable with that of standard sandwich single-plex ELISA for each individual protein \[[@bb0045]\]. Multiplex PEA has been applied for biomarker discovery of many diseases such as cardiovascular diseases, type-1 diabetes, and cancer (publications are listed in <https://www.olink.com/data-you-can-trust/publications>).

We have previously developed and optimized in situ proximity ligation assay (PLA) and solid-phase PLA for single protein detection as well as for detection of protein post-translational modification such as glycosylation and phosphorylation, which have been applied in GC tissue and serum specimens \[[@bb0060],[@bb0065]\]. In the present study, we applied the multiplex PEA technology to measure the levels of over 300 proteins in pre- and post-operative sera from 100 GC patients and control sera from 50 individuals without any type of cancer, as well as in tumour tissues and adjacent normal tissue lysates from the same 100 patients, aiming to identify a set of potential serum protein biomarkers for GC diagnosis.

2. Materials and methods {#s0025}
========================

2.1. Study cohort {#s0030}
-----------------

This retrospective study was followed the Standards for the Reporting of Diagnosis Accuracy studies (STARD) statement \[[@bb0070]\]. 100 patients with primary gastric cancer were undergone surgery at the Department of General Surgery and Surgical Oncology in Siena University Hospital, Italy, between July 1990 and February 2010. The subjects were chosen inconsecutively from the hospital surgical database. Sera samples were taken from the 100 patients upon admission to the hospital and one to two weeks after surgery. Fifty control serum samples were collected at the same time from cancer free patients treated in the same surgery department with other gastrointestinal diseases but not related to stomach. Serum samples were aliquoted immediately after centrifugation and stored at −80 °C until tests. Diagnostic criteria of GC were relied on endoscopy and biopsy. Serum levels of CEA, CA19-9, and CA72-4 were achieved from clinically recorded data. Histological classification was followed by Lauren \[[@bb0075]\] and WHO \[[@bb0080]\]. TNM classification was determined according to the seventh edition of the cancer staging manual \[[@bb0085]\]. Curative surgery of the stomach is defined as complete resection of primary cancer with clear surgical margins and adequate lymphadenectomy. Microsatellite instability (MSI) status were accessed as previously described \[[@bb0090]\]. This study was conducted following the Declaration of Helsinki. All patients were provided with the informed consent and ethical approval was granted by the Institutional Ethics Committee of University of Siena.

2.2. Tissue lysates preparation {#s0035}
-------------------------------

Tumour tissues and adjacent normal tissues from the 100 patients were collected shortly after surgery and were immediately snap-frozen in liquid nitrogen and stored in −80 °C. Tissue lysates were prepared as previously described \[[@bb0065]\]. All tissue samples were cut into thin slices quickly and mixed with lysis buffer (50 mM Tris-HCl, pH 7·4, 150 mM NaCl, 1 mM EDTA, pH 8, 1% Triton X-100, 0.1% sodium deoxycholate, protease inhibitor (Roche Complete Mini)), and zirconium oxide beads (ZrOB20-RNA, 2 mm in diameter, Next Advance, Inc., NY, USA). The ratio of tissue mass: volume of lysis buffer: beads weight was 1:4:2. Homogenization was performed with Bullet Blender device (BBX24B-CE, Next Advance, Inc., NY, USA) according to the manufacturer\'s recommendation. The homogenized tissues were then centrifuged at 12,000 rpm for 10 min at 4 °C and the supernatant transferred to new tubes. Total protein concentration of tissue lysate was measured by Pierce™ BCA Protein Assay kit (ThermoFisher). All samples were than diluted to 2 mg/ml and the aliquots were frozen at −70 °C before use.

2.3. Protein abundance measurement {#s0040}
----------------------------------

Samples from different groups were evenly distributed within a plate but randomly among plates. Assays were done at Uppsala University before accessing patient\'s clinical information. Protein levels were measured by multiplex PEA (Olink Proteomics™, Sweden) using three commercial panels (Oncology, Inflammation, Cell regulation), and two experimental panels (Cancer, Cellular pathway). Each panel is able to measure 92 proteins in 90 samples simultaneously in as little as 1 μl sample aliquots \[[@bb0045]\]. Each sample is spiked in four controls to monitor PEA process. Each panel also includes three positive controls and three negative controls, which is used for data normalization and determination of limit of detection (LOD), respectively. Assays were performed following the manufacturer\'s instructions. In detail, 1 μl of each sample or technical control was incubated with 3 μl incubation mix including antibody probes at 4 °C overnight. The extension mix was added after the antigen-antibody binding, starting the extension and pre-amplification of 17 cycles of PCR (Applied Biosystems 9700, Life Technologies). Samples were diluted 100-fold in this step to minimize the matrix effect and the chance of extension generated by unpaired oligonucleotides. Next, 2·8 μl of each first round PCR product was mixed with 7·2 μl detection reagent from which 5 μl was loaded into the sample wells, while specific pairs of PCR primers were loaded into the primer wells of a microfluid chip (Fluidigm 96.96 Dynamic Array, Fluidigm, CA, USA). The microfluid chip was then primed in Fluidigm IFC controller and loaded for real-time qPCR in Fluidigm Biomark™ thermocycler. Quantification cycle (Cq) value was converted to Normalized Protein eXpression (NPX) by normalizing with extension- and negative controls spiked in each sample. NPX is a unit on log2 scale, where one NPX increase corresponding to a two-fold increase in concentration of the protein. LOD was determined as the NPX value three times the standard deviation beyond its background. Multiplex PEA detects relative protein levels but not absolute concentration. Correlations between NPX values and protein concentrations in mass unit (pg/ml) are available at Olink\'s website ([www.olink.com/products/complete-biomarker-list](http://www.olink.com/products/complete-biomarker-list){#ir0010}). The specificity for each panel was determined by carrying out the whole assay in which the test samples were pools of full length recombinant antigens corresponding to every block of 8 proteins from all the 92 proteins in the panel, resulting in signals generated only from the present proteins but not the others (detailed in <https://www.olink.com/data-you-can-trust/validation/>).

For proteins present in more than one panel, only one was chosen for further analysis. Thus, seven proteins from commercial panels and 18 from experimental panels were removed. The assay reproducibility for the same proteins is displayed in Supplementary Fig. 2, while the reproducibility for sample duplicates is shown in Supplementary Fig. 3.

2.4. Statistics {#s0045}
---------------

Data analyses were performed using R software ([www.r-project.org](http://www.r-project.org){#ir0020}) \[[@bb0095]\].

NPX values were used for analysis since the values tended towards a normal distribution. To minimize the inter-plate variation, samples from different disease groups were evenly distributed throughout the plates, and the inter-plate variation was further normalized for each protein in each plate by adding the *Z*-score factor calculated as follows: factor = (actual value -- median of all samples)/standard deviation. For comparison between GC and controls, NPX values were adjusted if a significant effect (corrected *p* value \<0·05) of age or gender on the protein levels was found by linear regression in both the control and cancer groups. Therefore, 13 proteins measured in serum (CDCP1, CTSV, CXCL9, EPHA1, KIT, OPG, RET, RSPO3, TGFBR2, TNFRSF10B, TRANCE, VEGFR2, WFDC2) were adjusted for age, while no protein was found significantly associated with gender in either group. Principal component analysis (PCA) was applied for an overview of the relationships between variables and the presence of outliers.

Differences between two groups for continuous variables were analysed by non-parametric Mann-Whitney-Wilcoxon test, while for category variables, Chi-square or Fisher\'s exact test was performed, and ANOVA was applied for comparisons of more than two groups. Differences between before and after surgery were tested using paired Mann-Whitney-Wilcoxon test. Correlation coefficients or co-linearity between each two protein markers were tested by Spearman\'s rank rho. In order to manage multiple tests errors, *P*-values were adjusted using the Benjamini-Hochberg procedure using 5% as an acceptable false discovery rate \[[@bb0100]\].

To evaluate the diagnostic performance, receiver operating characteristic (ROC) curves were constructed, and areas under ROC curve (AUC), optimal cutoff, sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were calculated through R packages *pROC* \[[@bb0105]\] and *ROCR* \[[@bb0110]\]. The optimum cutoff value was defined by maximizing the Yoden\'s index (sensitivity+specificity-1).

To explore which combination of analytes would increase the discrimination between cases and controls, elastic-net penalized logistic regression (ENLR) was performed by applying a penalty to the regression coefficients and finding groups of correlated variables. The optimal penalization proportion α was searched via grid search with 10-fold cross-validation and evaluated in terms of the average of misclassification rate, sensitivity, specificity, and AUC. The optimal tuning parameter λ was determined as the mean values of 100 iteratively lambda values minimizing the deviance of the model. Values of regression coefficients were used to access the contribution of individual protein to the case-control discrimination. We estimated the ENLR model through R package *glmnet* \[[@bb0115]\] by using 90% of the samples (randomly selected 45 from the control group and 90 from the cancer group) defined as the training set and the remaining 5% samples (5 and 10) as the test set. The entire cross-validation procedure was repeated 10 times to cover all the samples. Proteins with all non-zero coefficients during the 10 times repeated process were selected. The regression coefficients for the selected proteins were then calculated by rerunning ENLR with only these proteins. To further reduce the number of proteins that could be included in the combination model, ROC curves were plotted starting from the first protein with the highest regression coefficient and then compared to the ROC curves generated while adding one more protein at a time. This process was repeated until none had a significant improvement.

2.5. Protein-protein interaction and enrichment analyses {#s0050}
--------------------------------------------------------

Protein-protein interactions were analysed with the Search Tool for Retrieval of Interacting Genes/proteins (STRING) database ([www.string-db.org](http://www.string-db.org){#ir0025}) \[[@bb0120]\]. Protein enrichment was performed with FunRich 3.0 ([www.funrich.org](http://www.funrich.org){#ir0030}) software \[[@bb0125]\].

3. Results {#s0055}
==========

3.1. Patient demographics {#s0060}
-------------------------

The schematic diagram of this study can be viewed in [Fig. 1](#f0005){ref-type="fig"}. Demographic and pathologic characteristics for the 50 non-cancerous control individuals and 100 GC patients are summarized in [Table 1](#t0005){ref-type="table"} and more detailed information is listed in Supplementary Table 1.Fig. 1A schematic diagram overview of the study. GC, gastric cancer. PEA, proximity extension assay. LOD, limit of detection.Fig. 1Table 1Demographic and pathologic characteristics of 50 control subjects and 100 patients with gastric cancer.Table 1VariablesNo.Total No.Control groupAge (year)Mean (range)63·5 (25--91)50GenderF3850M12CEA (ng/ml)Mean (SD)1·9 (1·1)50CA19--9 (ng/ml)Mean (SD)20·4 (32·8)36Missing14CA72--4 (ng/ml)Mean (SD)2·2 (1·6)17Missing33  GC groupAge (year)Mean (range)70·6 (30--92)100GenderF41100M59CEA (ng/ml)Mean (SD)\_Pre40·1 (96·1)97Mean (SD)\_Post13·7 (259·7)missing3CA19--9 (ng/ml)Mean (SD)\_Pre261.6 (1024.4)97Mean (SD)\_Post93.1 (490.1)missing3CA72--4 (ng/ml)Mean (SD)\_Pre34.3 (143.9)90Mean (SD)\_Post25.2 (116.5)missing10Blood type ABOA4294B11O38AB3Missing6Blood type RhRh-1094Rh+84missing6Stomach cancer historyNo8499Yes15missing1MSI statusStable6398High35missing2Tumour diameter\<50 mm3098≥50 mm68missing2TNM stageI899II20III57IV14missing1Tumour relapseNo2965Yes36missing35[^1]

3.2. Protein detection {#s0065}
----------------------

Full names and corresponding UniProtKB accession numbers of all the measured proteins are listed in Supplementary Table 2. Apart from overlapping proteins and proteins with antibody cross activity, proteins levels with NPX values below the LOD in \>60% of samples in each disease group were excluded for further analysis ([Fig. 1](#f0005){ref-type="fig"}, Supplementary Table 2). This led to 245 proteins for tissue sample analysis and 316 for serum sample analysis while 232 proteins are common between serum and tissue ([Fig. 2](#f0010){ref-type="fig"}A). Among the proteins measured in both serum and tissue samples, 13 of those detectable in tissue but not in serum are more cytoplasmic and involved in inflammation, whereas 14 detectable in serum but not in tissue tend to be extracellular proteins and involved in immune-response, as revealed by the functional enrichment analysis tool (FunRich) ([Fig. 2](#f0010){ref-type="fig"}B).Fig. 2Multiplex PEA results of proteins measured in GC tissues and serum specimen. (A) Venn diagram showing the number of proteins detectable or undetectable in serum and in tissue specimen. (B) Comparison of subcellular location between proteins detectable in serum but not in tissue and proteins detectable in tissue but not in serum by the FunRich software. The 13 proteins detectable in GC tissue but not in serum are AGR3, ARTN, CAMKK1, IL1A, IL20RA, IL22RA1, IL24, IL33, JUN, LIF, NCLN, NRTN, PAK4. The 14 proteins detectable in GC serum but not in tissue are CRX, DKKL1, FAM19A5, FCRLB, FGF23, IL10, IL10RA, IL2, LYPD1, OPTC, SEZ6L, SLITRK2, TCL1B, WNT9A. (C) Principal component analysis (PCA) plot illustrating the sample distribution of 100 gastric tumour tissues (T, blue) and matched adjacent noncancerous tissues (N, red), based on 245 proteins levels. Each dot represents an individual sample. (D) Volcano plot showing the 245 proteins levels in GC tissues compared to matched non-tumour tissues. The dashed line represents the cutoff line with indicated significance criteria. Points having absolute log fold-change ≥2 and FDR adjusted p-value \<0·05 are shown in red, with absolute log fold-change \<2 and *p*-value ≥0·05 are in gray, and the rest are in black. (E) PCA plot illustrating the distribution of 50 serum samples from controls (Ctrl, red), 100 GC preoperative serum samples (Pre, green) and matched 100 postoperative samples (Post, blue), based on 316 proteins levels. (F---H) Volcano plots showing the 316 protein levels in preoperative GC serum samples versus controls (F), between preoperative and postoperative ones (G), and between postoperative samples and controls (H). Points having absolute log fold-change ≥0·5 and FDR adjusted *p*-value \<0·05 are shown in red, with absolute log fold-change \<0·5 and p-value \<0·05 are in black, with absolute log fold-change \<0·5 and p-value ≥0·05 are in gray, and the rest are in orange. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 2

3.3. Cross correlation between each two proteins {#s0070}
------------------------------------------------

As many proteins appear functionally redundant and in order to minimize the risk of selecting a set of biomarkers strongly associated with each other, we investigated the correlations among the proteins. The correlations between each two proteins were assessed by Spearman\'s rank and the results are illustrated as heatmaps (Supplementary Fig. 4). Among the 245 proteins detected in tumour tissue, 3% (1843/245 × 245) display absolute correlation (ρ) larger than 0·7, and 13.8% (8263/245 × 245) larger than 0·5. Among the 316 proteins measured in serum, only 1% (1026/316 × 316) cross correlation was found with an absolute correlation value larger than 0·7, and 4% (4040/316 × 316) larger than 0·5.

3.4. Proteins differently expressed between GC tumour tissue and adjacent normal tissue {#s0075}
---------------------------------------------------------------------------------------

As a first step to evaluate the biological/medical quality of the investigated samples, we performed a PCA of the measured tissue proteins. A clear separation was observed between the 100 tumour tissues and the matched adjacent normal tissues ([Fig. 2](#f0010){ref-type="fig"}C). Levels of 200 (81.6%) proteins were significantly altered in tumour tissues compared to normal tissues using the univariate analysis with a false discovery rate (FDR) correction for multiple tests (FDR P~adj~ \< 5%): 138 proteins were found to be up-regulated and 62 down-regulated in tumour tissue. The mean (± SD) of each protein in tumour and normal groups, as well as corresponding *p*-values are detailed in Supplementary Table 3. A volcano plot also illustrates the abundance of proteins changed in tumour tissues compared to corresponding normal tissues ([Fig. 2](#f0010){ref-type="fig"}D). Significant associations with clinical variables for proteins expressed in tumour tissues are listed in [Table 2](#t0010){ref-type="table"}, such as MSI status correlated to XPNPEP2, TGFR2, BCR, Flt3L, IFN gamma, SIGLEC6, CPE, GPNMB, TNFRSF19, TWEAK, CBL, and BOC, and some proteins correlated to Borrmann, Ming, or WHO classifications.Table 2Clinical significance of proteins expressed in gastric cancer tumour tissue.Table 2VariablesProteinPadjAge (mean, range, year)70.6 (30--92)MOG0·0002GFRA20·0006BOC0·02733GenderFemale41FASLG0·0388Male59MSI statusStable64XPNPEP20·0002High35TGFR20·0002BCR0·0008Flt3L0·002IFN gamma0·0039SIGLEC60·0063CPE0·0170GPNMB0·0207TNFRSF190·0266TWEAK0·0266CBL0·0294BOC0·0403Borrman classificationI7OMG6·11E-17II14MOG1·59E-05III60PROK10·0113IV18Ming classificationEXP + MIX (expanding+mixed)37ZBTB160·0002INF (infiltrative)40NT30·0008TWEAK0·0072WHO classificationPoor/Undifferentiated38OMG1·87E-05Tubular34MOG0·0002Signet-ring cells & mucinous22GSAP0·0103Papillary2IL330·0415PROK10·0453

3.5. Proteins differently expressed in sera between the GC and control groups {#s0080}
-----------------------------------------------------------------------------

Blood testing is minimally invasive and as such well-suited to cancer diagnosis. We extended the exploration of the protein profiling also to sera collected before and after surgery from the same 100 GC patients as well as sera from 50 control subjects, in order to develop a diagnostic method more applicable in the clinics.

PCA plot in [Fig. 2](#f0010){ref-type="fig"}E illustrates an overview of the distribution of cancer patients before and after operation as well as controls based on the levels of all 316 proteins. The volcano plot ([Fig. 2](#f0010){ref-type="fig"}F) displays the protein alterations in the cancer group compared to the control group after univariate analysis. Fifty-four (17·1%) protein differences were found significant (50 increased, 4 decreased) in the cancer group compared to the control group after applying univariate analysis with FDR correction. The mean (± SD) level of each protein in each group, *p*-values, sensitivity, specificity, PPV, NPV, and AUC are detailed in Supplementary Table 4. The corresponding levels of each of the 54 significantly altered proteins in each group are plotted in Supplementary Fig. 5. Thirty-eight out of the 54 proteins (70.4%) were also significantly elevated in tumour tissues compared to paired normal tissues, while seven proteins were significantly increased in serum but not in tissue comparison (Supplementary Fig. 6). The most significantly increased protein was MMP1 (FDR P~adj~ = 0·0009), having a diagnostic sensitivity of 66%, specificity of 76%, and an AUC of 0·74 (95% CI 0·65--0·82). CEACAM5, also known as CEA, was significantly increased in the sera of GC patients compared to those of the control group, and significantly decreased after surgery. The level of CEA measured by PEA technology is consistent with that measured by standard clinical ELISA method (*r* = 0·84, Supplementary Fig. 7A), and no significant difference in diagnostic accuracy (CEA_PEA: sensitivity 54%, specificity 76%, AUC 0·68 (0·60--0·77), CEA_ELISA: 52%, 82%, 0·67 (0·59--0·76), *P* = 0·7, Supplementary Fig. 7B).

Significant associations for pre-operative protein with clinical characteristics were found between loss of heterogeneity of *CDH* and SMAD4 (*p* = 0·0005) and between GCNT1 and TNM stage (p = 0·0072).

3.6. Alteration of serum protein levels before and after surgery {#s0085}
----------------------------------------------------------------

To check whether protein abundances can be affected by tumour resection, levels of proteins before operation and one to two weeks after were compared. The univariate analysis with FDR correction for multiple tests showed that 184 of 316 (58·2%) proteins were significantly changed after surgery (88 decreased and 96 increased, Supplementary Table 5). Volcano plots in [Fig. 2](#f0010){ref-type="fig"}G-H display the most significantly altered proteins in the comparisons between pre and post groups and between control and post. The biological enrichment analysis by FunRich revealed that the proteins decreased after surgery are predominantly involved in cell adhesion, whereas the proteins increased are tend to be associated with inflammatory response (Supplementary Fig. 8). Notably, the changes for the protein levels after operation were not consistent in all the patients, but following the same trend in most patients as illustrated for each protein and each patient in Supplementary Fig. 9. We then evaluated the clinical associations of proteins differentially changed after surgery, and found associations between CYR61 with LOH of CDH, between GCNT1 with Lauren classification, and proteins associated with tumour site including ERBB2/3/4, GPNMB, ITGAV, ITGB5, LYPD3, NTRK2/3, SEZ6L, XPNPEP2, and TNFRSF19 (Supplementary Table 6).

3.7. Optimal proteins combination for distinguishing gastric cancer patients from controls {#s0090}
------------------------------------------------------------------------------------------

Multivariate analysis ENLR was performed to further select promising serum biomarkers and generate a diagnostic model for gastric cancer. With cross-validation, the optimal α = 0.4 was chosen for penalty proportion for the model according to the lowest misclassification error and the best accuracy (Supplementary Table 7). After ten-fold cross-validation, 27 proteins were retained to have all non-zero coefficients at each cross-validation step ([Fig. 3](#f0015){ref-type="fig"}A). By comparing the ROC curves of different combinations of the proteins that ranked from the largest to the smallest absolute regression coefficients, the combination of the top 19 proteins showed the optimal AUC accuracy number when no significant improvement was found by adding one more protein to the linear combination ([Fig. 3](#f0015){ref-type="fig"}A and B). Therefore, the generated diagnostic signature was found to be:$$y = - 16 \cdot 64 + 1 \cdot 02 \times \text{MMP1} + 1 \cdot 38 \times \text{IL7} + 0 \cdot 68 \times \text{CA9} + 1 \cdot 23 \times \text{CDCP1} + 0 \cdot 78 \times \text{ZBTB}17 + 0 \cdot 86 \times \text{DDAH1} + 1 \cdot 57 \times \text{FLI1} + 0 \cdot 94 \times \text{MSLN} + 0 \cdot 73 \times \text{CEACAM5} + 0 \cdot 5 \times \text{KAZALD1} + 0 \cdot 46 \times {CCL}20 + 1 \cdot 15 \times {SCF}–1 \cdot 14 \times \text{PPIA}–0 \cdot 98 \times {TGF}\ \text{alpha}–0 \cdot 78 \times \text{HMOX}1–0 \cdot 7 \times {MMP}10 + 0 \cdot 6 \times \text{APBB}1{IP} + 0 \cdot 58 \times {IGF}1–0 \cdot 42 \times \text{ADAMTS}15$$Fig. 3Diagnostic capacity for gastric cancer of the identified 19 serum protein signature by elastic-net logistic regression. (A) Diagnostic performances of different protein combinations. Proteins are sorted according to the absolute coefficient from the largest to the smallest. "ROC test P\" is the p-value of the comparison of ROC curves generated from successive protein combinations with one more protein added at a time. Coef., coefficient. ROC, receiver operator characteristics. \*, *p* \< 0·05. (B) Overlaid ROC curves of each of the combinations from two to 19 serum proteins. Comb, combination. (C) Protein-protein interactions among the 19 proteins assessed with the STRING database.Fig. 3

The sensitivity and specificity of the combined model for distinguishing GC patients from controls were 93% and 100%, respectively, with an AUC of 0.99 (95% CI: 0·98--1). The diagnostic performance of the combined signature is clearly greater than that of each of the 19 proteins and also the clinical used biomarkers CA19--9 and CA72--4 ([Table 3](#t0015){ref-type="table"}). Querying the STRING database confirmed the absence of experimental evidence of protein-protein interactions among those selected 19 proteins. Only MMP1, and MMP10 and other MMP family members may form a complex which activates MMP9; MSLN and CEACAM5 are both attached to cell membrane via glycosylphosphatidylinositol (GPI) anchors ([Fig. 3](#f0015){ref-type="fig"}C).Table 3Serum protein biomarkers identified by elastic-net logistic regression (ENLR) for gastric cancer diagnosis.Table 3Identified proteinsShort nameCtrl (Mean ± SD)Pre (Mean ± SD)Pre vs. CtrlFDR P~adj~Cut-offSen (%)Spe (%)AUC (95%CI)T vs. NFDR P~adj~Matrix metalloproteinase-1MMP11·56 ± 1·042·46 ± 1·04I0·00092·0566760·74(0·65--0·82)I2·57E-21Interleukin-7IL73·3 ± 0·543·75 ± 0·58I0·00143·4173640·72(0·64--0·81)----Carbonic anhydrase 9CA93·26 ± 1·364·02 ± 1·21I0·00143·4071680·71(0·62--0·8)I2·82E-05CUB domain-containing protein 1CDCP13·69 ± 0·634·19 ± 0·66I0·00183·3493400·71(0·62--0·8)I1·95E-05Zinc finger and BTB domain-containing protein 17ZBTB171·34 ± 0·691·88 ± 0·85I0·00271·6961760·7(0·61--0·79)I4·84E-13dimethylarginine dimethylaminohydrolase 1DDAH11·36 ± 0·511·82 ± 0·76I0·00411·2977540·69(0·6--0·79)----Friend leukemia integration 1 transcription factorFLI10·11 ± 0·330·42 ± 0·61I0·00520·1966660·69(0·6--0·78)D3·01E-08MesothelinMSLN2·58 ± 0·833·11 ± 0·74I0·00532·3187480·69(0·59--0·78)I7·34E-17Carcinoembryonic antigen-related cell adhesion molecule 5CEACAM52·42 ± 0·793·43 ± 1·73I0·00532·8654760·68(0·6--0·77)I0·0229Kazal-type serine protease inhibitor domain-containing protein 1KAZALD12·78 ± 0·73·17 ± 0·68I0·00793·0856800·68(0·58--0·77)D1·47E-07C-C motif chemokine 20CCL206·09 ± 1·36·78 ± 1·37I0·01846·6052760·66(0·57--0·75)I0·0137Stem cell factor/KIT ligandSCF7·85 ± 0·818·08 ± 0·63----7·7183340·58(0·49--0·68)I1·20E-07Peptidyl-prolyl cis-trans isomerase APPIA3·05 ± 1·012·92 ± 1·05----3·0552560·48(0·38--0·57)----Transforming growth factor alphaTGF alpha2·43 ± 0·912·45 ± 1·02----2·4862520·5(0·4--0·6)D3·57E-05Heme oxygenase 1HMOX19·91 ± 1·079·57 ± 0·81----9·9674620·63(0·52--0·74)----Matrix metalloproteinase-10MMP106·81 ± 0·566·71 ± 0·61----6·9471400·54(0·44--0·64)I3·98E-11Amyloid beta A4 precursor protein-binding family B member 1-interacting proteinAPBB1IP1·61 ± 0·691·98 ± 0·98----2·3131880·6(0·5--0·69)I0·0082Insulin-like growth factor IIGF11·43 ± 1·131·56 ± 0·88----2·2478340·49(0·38--0·59)----A disintegrin and metalloproteinase with thrombospondin motifs 15ADAMTS151·78 ± 0·831·46 ± 0·62----1·9480480·62(0·52--0·72)D5·86E-1319-protein signature931000·99(0·98--1)Carcinoembryonic antigenCEA^a^2·24 ± 0·8343·89 ± 272·52I2·6552820·67(0·59--0·76)Carbohydrate antigen 19--9CA19--9^b^11·31 ± 10·39280·05 ± 1092·91I37·542880·63(0·54--0·73)Carbohydrate antigen 72--4CA72--4^c^2·22 ± 1·6335·03 ± 145·51I2·655880·72(0·61--0·83)[^2][^3][^4]

3.8. Proteins significantly altered in sera from GC patients at TNM I-II early stage {#s0095}
------------------------------------------------------------------------------------

Cancer patients at early stage are always difficult to diagnose but early detection is important for successful therapy. Twenty-eight GC patients were diagnosed at the earlier TNM I-II stage in the present cohort. Volcano plot in [Fig. 4](#f0020){ref-type="fig"}A illustrates the significantly altered proteins between patients at early stage and controls by univariate analysis. GCNT1 was shown as the most significantly differential protein, and its optimal diagnostic sensitivity, specificity, and AUC of GCNT1 in patients at TNM I-II stage determined by ROC curve were 75%, 86% and 0·82, respectively (Supplementary Fig. 10A and B). PCA plots for both the distribution of tissue and serum samples according to TNM stages as well as volcano plots for protein alterations in different group comparisons in both tissue and serum are demonstrated in Supplementary Fig. 11. With the 19-serum protein signature identified above for the whole cohort, the diagnostic performance for differentiating patients at TNM I-II stage from controls was better than that of each individual protein with an AUC of 0·99 and sensitivity of 89% and specificity of 100% ([Fig. 4](#f0020){ref-type="fig"}B), whereas the best score for a single protein was for MMP1 with a sensitivity of 68%, specificity of 78% and AUC of 0·75, and the AUCs for clinically measured biomarkers CEA, CA19--9, and CA72--4 were 0.58, 0.48, and 0.61, respectively.Fig. 4Protein levels in serum samples from GC patients at TNM I-II stage or with high microsatellite instability (MSI) status. (A) Volcano plot showing the comparison of protein levels between patients at TNM I-II stage and controls. (B) ROC curves for the 19-serum protein signature overlaid with each individual protein showing the diagnostic capacity of GC at TNM I-II stage versus controls. (C) Volcano plot showing the comparison of protein levels between patients with MSI-H and controls. (D) ROC curves for the 19-serum protein signature overlaid with each individual protein showing the diagnostic capacity of GC with MSI-H status versus controls. Points in plots A and C having absolute log fold-change ≥0·5 and false discovery rate adjusted p-value \<0·05 are shown in red, with absolute log fold-change \<0·5 and p-value \<0·05 are in black, with absolute log fold-change \<0·5 and p-value ≥0·05 are in gray, and the rest are in orange. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 4

3.9. Proteins significantly altered in sera from GC patients with high microsatellite instability {#s0100}
-------------------------------------------------------------------------------------------------

One of the leading causes of GC is a defect in DNA mismatch repair, resulting in microsatellite instability. Microsatellite-unstable tumours are hyper-mutated intestinal subtype tumours and have recently been proposed as one of the most robust subgroups in molecular characterization of GC, which occurring in at least 20% of all GC patients and having a better overall prognosis and lower frequency of recurrence \[[@bb0130],[@bb0135]\]. The molecular diagnosis of MSI GC is important before treatment, as it triggers different response to chemotherapy, and may require specific surgical treatment such as tailored lymphadenectomy, and it stratifies patients for targeted therapies \[[@bb0140]\]. In the present cohort, only 35 GC patients were found with high MSI. As shown in [Fig. 4](#f0020){ref-type="fig"}C, the volcano plot displays the significantly changed proteins in serum of GC patients with MSI-H status when comparing to the controls by univariate analysis. GCNT1 was also the most significant altered protein in MSI-H versus controls, and the optimal diagnostic sensitivity, specificity, and AUC of GCNT1 for patients with high MSI status were 71%, 86% and 0·82, respectively (Supplementary Fig. 10C and D). Supplementary Fig. 12 illustrates the PCA plots for sample distribution according to MSI status as well as volcano plots for protein alterations in different group comparisons in both tissue and serum. The diagnostic performance of the 19-serum protein signature for differentiating patients with high MSI from controls was significantly better than that of each individual protein with an AUC of 0·99 and sensitivity of 91% and specificity of 98% ([Fig. 4](#f0020){ref-type="fig"}D), whereas the best score for a single protein was again for MMP1 with a sensitivity of 88%, specificity of 60% and AUC of 0·78, and the AUCs for clinically measured biomarkers CEA, CA19--9, and CA72--4 were 0.60, 0.63, and 0.79, respectively.

4. Discussion {#s0105}
=============

GC is often either asymptomatic or causing nonspecific symptoms in its early stage, and it shares considerable heterogeneity with distinct morphology \[[@bb0015]\]. Early detection and diagnosis is crucial to reduce cancer related deaths. In contrast to single tissue biopsy, blood carries information from cancer cells even located at distinct metastatic site, which reflects the overall change of a disease. Upon cancer development and progression, cancer cells secrete proteins into the microenvironment and bloodstream; when tumours grow, the apoptotic and necrotic cells are likely to release numerous proteins into the circulating blood; additionally, cancer systemically elicits an immune response. All of these processes generate circulating proteins as a rich source for biomarkers. Therefore, we measured proteins that are either secreted or located in cytoplasm or involved in immune response.

Applying multiplex PEA technology, we analysed the levels of 316 proteins in serum and 245 in tissue specimens from 100 patients with gastric cancer and 50 controls, and identified a combination of 19 potential serum protein biomarkers that distinguish patients with gastric adenocarcinoma from cancer free controls. The proteins significantly altered in serum may not be significant in tissue, vice versa. The 19-protein signature determined by elastic-net logistic regression enhanced the diagnostic performance for the whole serum cohort to an AUC of 0·99, a sensitivity of 93% and a specificity of 100%. It also satisfactory distinguishes the GC patients at TNM I-II stage and patients with high MSI status from controls.

Most of the 19 proteins are secreted. Apart from the clinically used biomarker CEACAM5, eight proteins have been reported for their clinical significances in both GC blood and tumour tissue, including MMP1 \[[@bb0145], [@bb0150], [@bb0155]\], MSLN \[[@bb0160], [@bb0165], [@bb0170]\], CA9 \[[@bb0175], [@bb0180], [@bb0185]\], CCL20 \[[@bb0190], [@bb0195], [@bb0200]\], SCF \[[@bb0205],[@bb0210]\], TGF alpha \[[@bb0215], [@bb0220], [@bb0225]\], IGF-1 \[[@bb0230],[@bb0235]\], and MMP10 \[[@bb0240]\]. The first four proteins were also found significantly increased in both GC serum and tumour tissue as analysed by univariate analysis in the present cohort, and SCF, TGF alpha, and MMP10 were significantly altered only in GC tissues, whereas IGF-1 were not changed in neither serum nor tissue.

Up to date, protein dysregulation have been described only in GC tissues but not in GC blood for (1) CDCP1 \[[@bb0245]\], (2) DDAH1 \[[@bb0250]\], (3) PPIA \[[@bb0255]\], and (4) HMOX1 \[[@bb0260],[@bb0265]\]. (1) CDCP1 is a transmembrane glycoprotein and its engineered overexpression in gastric cell lines was shown to increase cell migration and invasion \[[@bb0245],[@bb0270]\]. Our data revealed that the levels of CDCP1 were significantly increased in GC serum as well as tumour tissues. (2) DDAH1 is an endogenous nitric oxide synthase inhibitor, for which Ye et al. reported that downregulation of DDAH1 was more frequently detected in GC tumour tissues and strongly correlated with aggressive phenotypes and poor prognosis \[[@bb0250]\]. However, we observed increased DDAH1 levels in GC serum compared to controls, while no difference between GC tumour and adjacent normal tissue in our cohort. (3) PPIA, has been reported to be overexpressed in several types of human cancers including gastric cancer \[[@bb0255],[@bb0275]\]. (4) HMOX1 is considered to be the main protein for cytoprotection against various cell stresses, and increased expression of this protein was observed in several types of cancers \[[@bb0280],[@bb0285]\]. However, there are no differences in the levels of PPIA and HOMX1 between GC and controls in serum or in tissue in the present study.

Furthermore, we identified six novel proteins associated with GC including (1) IL7, (2) ZBTB17, (3) FLI1, (4) KAZALD1, (5) APBB1IP, and (6) ADAMTS15. (1) A recent bioinformatic analysis based on genome-wide association studies (GWAS) data identified IL7 pathway as one of the three pathways associated with GC risk \[[@bb0290]\]. (2) ZBTA17, also known as MIZ1, is a transcription factor that forms a complex with Myc and mediates Myc-dependent tumorigenesis \[[@bb0295]\]. (3) FLI11 is also a transcription factor, and its high level expression as well as translocations were observed in hematopoietic and solid tumours \[[@bb0300]\]. (4) KAZALD1 is a member of the insulin growth factor-binding protein (IGFBP) superfamily, and hypomethylation of the gene was found in cancer. "The Human Protein Atlas (HPA)" database (<https://www.proteinatlas.org>) shows a moderate staining (6/10) of KAZALD1 protein in stomach cancer tissues. In the present cohort, the levels of IL7, ZBTB17, FLI1, and KAZALD1 were all significantly increased in serum from GC patients as compared with controls, indicating that they may play roles in GC tumorigenesis and progress. (5) APBB1IP, also known as RIAM (Rap1-GTP-interacting adaptor molecule), appears to function in the signal transduction from Ras activation to actin cytoskeletal remodeling and mediates Rap1-induced adhesion. (6) ADAMTS15 is one of the extracellular metalloproteinases, which functions as a putative tumour suppressor, and has been linked to a number of different cancers such as prostatic, breast and colorectal cancers \[[@bb0305]\]. The HPA database displays a weak staining for APBB1IP and moderate for ADAMTS15 in 10 GC tissue sections. In our study, ADAMTS15 was also significantly downregulated in GC tissues compared to surrounding normal tissues.

Many of the 19 identified proteins are inflammation related, such as IL7, MMP1, MMP10, CCL20, CDCP1, SCF, and TGFA. As one of the consequences of long-term gastric inflammation is malignances, these markers may play important roles in GC development.

GCNT1 is a glycosyltransferase that adds beta1,6 GlcNAc arm to core 1 *O*-glycans and forms core 2 *O*-glycans. Core 2 *O*-glycans are known to be a particularly good scaffold for sialyl Lewis antigens, which can be recognized by selectin family members and thereby mediate leukocyte rolling and cancer cell metastasis \[[@bb0310]\]. GCNT1 was significantly increased in sera of GC patients compared to controls in univariate analysis, and was the most significantly increased serum protein in GC patients at TNM I-II stage as well as in high MSI patients. However, there was no change of GCNT1 between tumour and adjacent normal tissues for patients at early stage or with MSI. This indicates that the increase of GCNT1 in serum may be due to inflammation or unleashed immune response. As most blood proteins are glycoproteins and alterations of O-linked glycosylation is related to a majority of cancers, the function role and underline mechanisms of GCNT1 in gastric cancer needs further investigation.

Some very significantly altered serum proteins in univariate analysis, such as GCNT1 and NTRK3, were not selected in the regression model, presumably due to the collinearity of the proteins with others. Conflicting results between univariate analysis and multivariate logistic regression is not unusual. Additionally, different multivariate analysis methods will generate different results. ENLR used in the present study applies automatic variable selection at the same time continuous shrinkage producing a sparse model which minimizes overfitting \[[@bb0315]\].

The limitations of our study need to be acknowledged. The proteins measured by multiplex PEA are pre-selected, which may exclude at the beginning some promising candidates. Evaluation and development of potential protein biomarkers for GC diagnosis were based on a single cohort; however, the multiple fold cross-validations method provides the power for robust sensitivity and specificity. A large-scale independent cohort of cases and different types of controls, e.g., other gastric diseases and gastrointestinal cancers, will be necessary for validating the proposed protein signature. Furthermore, since the signature is tailored for the European population, it may be challenged by other ethnicities and etiologies. According to the "Phases of biomarker development for early detection of cancer" \[[@bb0320]\] proposed by Early Detection Research Network (EDRN) of the National Cancer Institute, our study is essentially a cross-sectional and retrospective study. A prospective study is also valuable to further assess the diagnostic/screen value for the proteins combination.

The striking increase or decrease of some protein levels in serum after surgery suggests the role of surveillance of those proteins. To further explore the potential effects, a parallel study which will associate the patients\' outcome with protein levels in serum and tissue is ongoing.

Notwithstanding the above limitations, the present study suggests a blood test with a set of serum proteins for GC diagnosis, which may be translated into clinical applications with tangible benefits for GC patients in the future.

Appendix A. Supplementary data {#s0140}
==============================

Supplementary materialImage 1
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[^1]: MSI: microsatellite instability; EBV: epstein-barr virus.

[^2]: I: increase. D: decrease. FDR P~adj~: *P* values were tested by non-parametric Mann-Whitney-Wilcoxon and adjusted multiple tests with false discovery rate. CI: confidence interval. Coef.: coefficient calculated by ENLR. T: tumour tissue. N: adjacent normal tissue. --: Proteins not significantly altered.

[^3]: Cutoff was defined by Yoden\'s index by maximizing values of sensitivity+specificity-1.

[^4]: ^a^, ^b^, ^c^,: clinically measured biomarkers. ^b^: 36 controls vs. 97 GC. ^c^: 17 controls vs.90 GC.
